The rotationally resolved photoionization yields of jet-cooled HCl and DC1 have been measured in the energy range between their spin-orbit split 211 ionic thresholds. For single-photon excitation, narrow-band vuv radiation is generated by resonant frequency mixing. The spectra are complex due to an interaction of autoionizing resonances belonging to series converging to different rotational states of the ion core. This is taken into account using the multichannel quantum defect theory in a treatment capable to handle a transition in angular momentum coupling from Hum-l's case (c) to case (e). Even for Rydberg orders IZ > 35 the experimental data cannot be explained using a pure case (e) picture.
I. INTRODUCTION 4
In studies of molecular ionization based on monochromatized light from synchrotron radiation or discharge lamp sources the limitation of resolving powers to values < lo4 did not allow the spectral resolution of rotational structure. ' Especially the near-threshold regions are often influenced by complex interactions between the motion of the excited Rydberg electrons and the vibration and rotation of the ionic cores, leading to a rich structure of autoionization resonances in photoelectron yield spectra. This is also the case for the photoionization cross section of HCl, which has previously been measured at a wavelength resolution of 0.007 nm employing a helium continuum light source. ' The development of laser-based frequency mixing techniques3 now provides the experimentalist with resolving powers> lo5 and high photon fluxes ( > lO"/s) . This is ideally suited for the study of the photoionization dynamics of molecules.~' The improvements in experimental resolution have been accompanied by further development of a theoretical treatment taking into account the variation of the angular momentum coupling when the principal quantum number n of the Rydberg electron increases.8
A previous investigation of the spin-orbit autoionization of HI has exhibited a transition from Hund's coupling case (c) to case (e) for sutliciently high Rydberg orders (10 <n < 15) in the experimental data as well as in the calculation. ' In this paper we report a similar investigation for the spin-orbit autoionization region of the halides HCl and DCl. Here the energy splitting between the lowest order Rydberg levels (n > 13) is already of the same magnitude as the spacing between successive rotational states of the ion, making these molecules suitable targets for the study of H&d's case (e) coupling. 8"o'" II. EXPERIMENT In contrast to HL9 where the ionizing radiation with wavelengths of d > 111 run lies well above the transmission cutoff of LiF windows, the ionization of HCl and DC1 with il < 97.4 nm requires a windowless frequency mixing technique: Two laser beams of frequencies w, and w, are focused collinearly into a pulsed jet of xenon to generate light of the sum frequency w, =2w,+w, (Ref. 12) (Fig. 1) . The laser beam of frequency o, is produced by frequency doubling of the output of a Nd:YAG pumped dye laser (Quanta Ray PDL 2, operated with Coumarin 120 at 10 Hz) in a BBO crystal. Tuning this wavelength to the 6p'( l/2,0) two-photon resonance in Xe at 222.6 nm results in a strong enhancement of the intensity at the sum frequency.
A second dye laser (Lambda Physik FL 3002, operated with Styril 8) is tuned to wavelengths ;1, between 730 and 780 nm, giving rise to vuv radiation in the range of 96.6 to 97.4 nm. The separation of the sum-frequency light from the fundamentals and the difference-frequency 20, -mt is performed by a differentially pumped monochromator, consisting of a spherical mirror and a spherical grating, blazed for 90 nm, in a Wadsworth conliguration. Both optical elements are coated with platinum and used near normal incidence; thus the beam .direction as well as the state of polarization are almost conserved. The transmission at the sum frequency is calculated to be > 2%. With input energies of 0.5 mJ at o, and 5 mJ at ut a vuv photon flux up to lO'/pulse has been measured behind the monochromator. The refocused vuv light intersects a pulsed supersonic beam of target molecules seeded in neon and differentially pumped using a skimmer.
Different mixtures of HCl with the rare gases helium, neon, and argon have been tested. The best cooling effect has been found for 5% HCl in neon. Lower concentrations of target molecules gave no further improvement. During operation of the jet a 300 &s turbomolecular pump maintains a pressure of 1.5 X 10m6 mbar in the ionization region. Photoionization takes place in an extraction field inside a stainless steel cage consisting of a cylinder (56 mm inner diam.) and two end caps formed by hemispheres of same diameter with a distance of 100 mm between their centers. The cylinder and the two spheres are maintained at potentials of -30, 0, and -6 V, respectively, resulting in a field All produced electrons in the ionization region are directed through a hole in the sphere held at ground potential onto an electron multiplier tube while background electrons emitted from the cage walls are suppressed. Behind the target a horizontally split dual vacuum photodiode serves for optical alignment and normalization of the photoelectron signal to the vuv intensity. This is important because the scanning range coincides with an autoionization resonance of Xe causing a strong variation of the vuv yield when the wavelength is scanned. Spectra were created by linking together subsequent scans of 120 cm-' length. Each data point is the mean value of 50 to 100 laser shots. The wave number was incremented in steps of 0.3 cm-'. For constant expansion conditions of the molecular beam the spectra were reproducible within the limits of the experimental uncertainty.
Ill. EXPERIMENTAL RESULTS
In Fig. 2 we present the relative total photoionization cross sections of HCl and DC1 in a range of photon energies dominated by autoionization of Rydberg levels which converge to the 2111,2 ionic state and decay into the continuum of the 211,,2 ion states. The statistical error for each data point is typically 1% for HCl and 2% for DCl.
From the narrowest features in the spectra an upper limit for the vuv bandwidth of 1 cm-' can be estimated. In a previous experiment on HCl (Ref. 13 ) utilizing nonresonant frequency tripling in Xe the absolute wave number positions of the observed peaks have been determined to an accuracy of j= 1 cm-' by monitoring the fluorescence of Iz excited by the fundamental laser beam. Although this spectrum exhibited larger statistical errors it served to establish the wave number scale of the present HCl spectrum.
By using a mixture of HCl and DC1 this scale could also be extended to the DC1 spectrum. Due to the skimmed supersonic expansion of the molecules transitions starting from rotational levels of the ground state with J" > 0 are 5% HCI in Ne strongly suppressed. Assuming a Boltzmann distribution a rotational temperature of less than 7 K can be determined. This temperature is much lower than the value of 130 K, given for the spectrum of HCl reported in Ref.
2. Therefore, that spectrum is quite different from the present one, since there levels of the ground state up to J" = 5 were populated significantly. Although in our experimental results only R (0) lines contribute appreciably, the spectra are nevertheless very dense even in the vicinity of the lower thresholds. This high line density is caused by several series with different electronic angular momentum I converging to ionic states with different total angular momentum J+ as illustrated in Fig. 3 .
The peak heights exhibit irregular fluctuations with increasing energy rather than a steady decrease as it is normally found in Rydberg progressions. The line profiles of the autoionization resonances are found to be asymmetric for low Rydberg orders, where the natural linewidth is larger than the bandwidth of the vuv radiation. The spectra of HCl and DC1 cover almost the same range of wave numbers. Nevertheless, they are of strikingly different appearance. The sharp onsets at the 2113,2 thresholds are shifted from their true positions to smaller wave numbers due to field-induced ionization in the extraction field with a field strength of approx. 0.5 V/cm. By lowering the field strength to 0.025 V/cm the ionization thresholds were found to be 102 801. 102 798.3 cm-',14 or 102 802.8*2 crnm1,15 (HCI), and 102 836.1 cmP1,t4 (DCl). Those investigations also provided data for the 2111,2 ionization limits, whereas in our spectra no distinct features can directly be attributed to these thresholds.
IV. CALCULATIONS
The spectra of the total photoionization yields of HCI and DC1 were calculated using the multichannel quantum defect theory (MQDT) by describing the final states in an angular momentum coupling case intermediate between Hund's cases (c) and (e). The program used previously for calculations on HI (Ref. 9) was modified to introduce mixing between s and d states. This mixing is obtained from ub initio calculations,2 but in order to simplify, the mixing coefficients were taken the same for singlet and triplet states and were renormalized in the following way:
Other 1 mixings, such as p?r-dr mixing, were neglected.
The values for the quantum defects are crucial for the assignments of the peaks. They were slightly modified from previously calculated-ab initio values2 in order to achieve good agreement with the spectra obtained in a two-color laser experimenP with a D 'Il 4pa intermediate state.
These modified values were taken here since the final states are practically the same in the two experiments. However, for a single-photon transition from the X '2+ ground state mainly tlnal states with values J'= 1 can be reached, because only R (0) lines are intense due to the low rotational temperature of 7 K. On the other hand, starting from the selected..D 'II state with J"=l, two levels J'= 1,2 can be populated. Th TVe ran&ion moments from X '2+ are based on ab initio calcul&ions,2 but for better agreement with the observed intensities, the transition moment to the sc states was divided by two. A comparison between calculated and -___-. observed peak positions is given -for Rydberg orders 13<nmg 18 for HCl in Table I and for DC1 in Table II. v, DlSCUSSlOti
For a closer examination we will focus on two spectral -. regions. A. 13a<18 In the range from 102 800 to 103 100 cm-' successive Rydberg levels are well separated, thus allowing a comparison between observed and calculated line positions. In Table I (HCl) and and J&,=3/2, 5/2, and 7/2 for I= 0,1,2, respectively, because J' = 1 (see above).
While most observed peaks can be attributed to calculated positions (see Figs. 4 and 5), some features, especially near the 2IIs,2 thresholds remain unassigned. They may arise from rotational autoionization of series converging to 211,,2 states with J+ > 3/2. The strongest contributions to the spectra arise from s and d series converging to the a+= l/2, J+ = l/2 and 3/2 limits, whereas higher J+ values as well as the p series are of minor importance.
Due to the pronounced difference of the rotational constants of HCl (B+=9.79 cm-') and DC1 ( Bf=5.06 cm-') (Ref. 17) the spectra exhibit only little similarity, although it can be seen from Table I that the mean values of quantum defects are essentially the same. With the exception of a few peaks, the difference between calculated and observed peak positions is usually less than 3 cm-' for both HCl and DCl. A quantitative reproduction of the observed relative intensities and linewidths, on the other hand, seems to be more complicated. The Z=2, Jf =3/2, iz= 14,15 resonances are sufficiently isolated from neighboring peaks to allow an analysis of their line shapes in terms of Fano proflles, yielding a q parameter of approximately 5 for the d series.
B. n>28 in HCI
Next, we discuss the spectral region just below the HCl+' 2111,2 thresholds. Referring to Fig. 6 for o > 103 350 cm-' a strikingly regular pattern becomes apparent in the HCl spectrum if one combines suitable choices of peaks together to form overlapping fringes labeled Fl-F4. In DC1 such enveloping structures are covered by stronger features due to perturbations, probably induced by low Rydberg states converging to higher electronic or vibrational thresholds. The phenomenon of fringe formation has previously been described for high Rydberg states of Na2 (Ref. 18) and NO (Ref. 19 ) and has been attributed to a "stroboscopic" effect between the movement of the Rydberg electron and the ion rotation or to a particular situation for the transition moments and phases of an Z-mixing, respectively.
The treatment of each fringe as a separate Rydberg series leads to fitted quantum defects and ionization limits as given in Table III . However, these limits are not consistent with the values from Refs. 14 and 15 even if one assumes a simultaneous shift of a few cm-'. In particular, no series converging to the J+ = l/2 limit (approximately 103 433 cm-') can 'be found. In order to investigate the influence of the bandwidth of the vuv radiation which where $ is the mass-corrected Rydberg constant for HCI. dominates the linewidths of the observed peaks in this re-
The quantum defects were taken as the mean values from gion, we simulated the spectrum [ Fig. 7(c) ] using a simple the MQDT calculation, ~=0.17 (Z=O) and ~=0.31 (I model: The resonance positions for the s and d series con-= 2). The separations between successive rotational ionizaverging to thresholds with J+ = l/2 and 3/2 were calcution limits Ip(J+) and Ip(J++l) were taken from Ref. Zated using the Rydberg formula, E=Ip(J+ ) -R/g, 14.
The line shape was approximated by a Gaussian profile Table II . In a more elaborated approach the MQDT formalism (see Sec. IV) was used to calculate this part of the spectrum. The high spectral density is reduced after convolution with a bandwidth of 1 cm-' [ Fig. 7(a) ]. To improve the agreement between experimental and calculated spectra the spectrum had to be shifted again by 6.5 cm-'. This could be due to the inprecision of the calculation. In contrast to Refs. 18 and 19 here the appearance of fringes is an effect of the finite resolution, which becomes comparable to the separation between adjacent peaks with Jf = l/2 and 3/2 for sufficiently high values of n [see Figs. 7(d) and 7 (e) , respectively].
VI. COMPARISON WITH REMPI SPECTRA
If the spectra from the (2 + 1) REMPI experiment of Grant and co-workers16 are compared to the present result, their spectra appear very different from ours except for the d lines with J+= l/2 and 3/2 thresholds, which are the most intense in both experimental data sets.' Even the po- sitions of these peaks differ in some cases by about 2 cm-'; this corresponds exactly to the calculated difference between the positions for S = 1 and J' =2 at the values of n considered here. This is reasonable since, as mentioned in Sec. IV, for the single-photon experiment the observed resonance corresponds to J' = 1 whereas for multiphoton excitation it is often a J' = 2 level. Some of the unassigned peaks in the vicinity of the 2113,2 ionization limit can also be detected in the REMPI spectra and correspond probably to levels converging to high J+ thresholds of 2113,2. A few peaks are not seen at all in the REMPI data, for example the ones at 102 815.4 and 102 909.7 cm-'. They could belong to states converging to thresholds with a vibrationally excited ion core u+ = 1 of the 2111,2 substate. Due to different Franck-Condon overlaps, such peaks are expected to appear slightly stronger when excited from the ground state rather than from a Rydberg state with v=O.
VII. CONCLUSION
The resolution of rotation in the photoionization yield spectra of HCl and DC1 obtained with excitation by lasergenerated vuv light enables the study of the angular momentum coupling in the autoionization of these diatomic molecules. The interaction of series converging to different ionic rotational states leads to irregular changes of the positions and amplitudes of lines. The finite resolution of the ionizing radiation simplifies the appearance of the HCl spectrum for high Rydberg orders and gives rise to the formation of fringes. A study with even higher resolution in this energy region would be useful for an assignment of the peaks without ambiguity. In any case, the correct prediction of observed structures requires an advanced theoretical treatment taking into account a transition between Hund's coupling case (c) and case (e). In general, the assignments made in this work are supported by data from a (2+ 1) REMPI experiment with a D 'Il intermediate state.16 Nevertheless, improvements in the prediction of the line intensities and linewidths, in particular of the d states, have to be made. A further confirmation of the assignment could be obtained from the measurement of the integral spin polarization. For the case of HI, it was demonstrated that this method yields additional information about the photoionization dynamics.21
